confirmed by using a neo-specific and a 3Ј internal probe. These clones were used to generate chimeric pression in mammalian RGCs (Erskine et al., 2000), taken together with the expression of the Slit genes along the male mice that were then mated to CD-1 or C57Bl6 females to generate germline transmissible Slit1-defitrajectory followed by these axons has suggested that Slit/Robo ligand/receptor complexes may play an imcient mice on either a CD-1/129Sv or a C57Bl6/129Sv outbred genetic background. Resulting heterozygotes portant role in regulating retinal axon guidance in higher organisms as well.
were crossed to generate homozygous deficient mice, and the expected Mendelian ratio was observed among Despite extensive in vitro analysis, the role of vertebrate Slits in mediating axon guidance events in vivo wild-type, heterozygous, and homozygous mutant mice. The homozygous deficient animals appeared grossly has not been defined. As a first step toward determining the in vivo roles of Slit proteins in axon guidance, we normal. In situ analysis of Slit1 expression showed that a 3Ј probe failed to hybridize to E11.5 ventral spinal have therefore generated mice deficient in Slit1 and Slit2. In Slit1-, Slit2-, and Slit1/2-deficient mice, no obvicord, where intense Slit1 expression occurs in wild-type mice ( Figure 1C ). This demonstrated that, at the level of ous defects in commissural axon guidance were observed within the developing spinal cord (data not detection by in situ hybridization, significant alternative splicing did not occur around the targeted exon. shown), presumably due to the overlapping expression in the midline floorplate of a third Slit, Slit3. In the develTo target Slit2, a similar approach was taken to that used to disrupt Slit1. The Slit2 mouse genomic locus oping visual system where Slit3 is not expressed, however, we have found profound defects in retinal axon was subcloned into plasmids and a portion of the putative first and second exons were replaced with the same guidance. Our results document an important role for these proteins in retinal axon guidance through repultargeting cassette used with Slit1, excluding the KDEL element ( Figure 2A ). This insertion left the initiation mesion, particularly with regard to defining where the optic chiasm forms. However, unlike at the midline of the thionine codon intact but disrupted the probable signal sequence, and a portion of the first LRR. Using a 5Ј Drosophila nervous system, during formation of the vertebrate optic chiasm the Slit proteins do not appear to flanking probe, we identified several homologous recombinants in the Slit2 locus ( Figure 2B ). The faithfulplay a critical role in regulating axon divergence. Rather, Slit1 and Slit2 cooperate in a unique fashion to channel ness of this integration event was confirmed by further Southern blot analysis using a neo-specific and an interretinal axons along their appropriate pathway and thereby determine the precise position along the neunal 3Ј probe. Correctly targeted ES clones were used to generate several chimeras that were then mated with raxis at which this important commissure develops.
C57Bl6 females to create homozygous deficient mice on a C57Bl6/129Sv outbred genetic background. HetResults erozygous intercrosses revealed that Slit2 homozygous deficiency was lethal. Although a small percentage of Generation of Slit1-and Slit2-Deficient Mice Slit2 homozygous mutants lived for a few days after Using gene targeting in embryonic stem (ES) cells, we birth, the majority died within the first day of life, and generated mice deficient in either Slit1 or Slit2. A rat none lived past 2 weeks. When crossed into the Slit1-cDNA probe specific for either Slit1 or Slit2 was used deficient background, Slit1/2-deficient mice also died to screen a mouse bacterial artificial chromosome (BAC) within the first day of life. At E18, 1 day prior to birth, 129 ES cell library (Incyte Genomics). To target Slit1, both Slit2-and Slit1/2-deficient mice appeared grossly BAC DNA was subcloned into plasmids and a portion normal and were present in an expected Mendelian ratio, of an exon encoding most of the second leucine rich indicating that the lethality was perinatal. repeat (LRR) was replaced with a cassette containing (in order from 5Ј to 3Ј): an endoplasmic reticulum KDEL retention sequence (Munro and Pelham, 1987 
), a stop
The Optic Chiasm Develops Normally in Slit1-or Slit2-Deficient Mice codon, an IRES element, a tauGFP fusion protein, a loxP site, a PGK-1 promoter, a neomycin resistance (neo r ) To assess the role of the Slit proteins in axon guidance within the developing visual system, we labeled retinal gene, a PGK-1 polyA tail, and a second loxP site (abbre- axons from the right eye of E15.5 wild-type and Slitand Slit2 developed striking abnormalities (Figures 3E deficient mice with the lipophilic dye, DiI. E15.5 is a and 3G). The fact that defects were seen only in the developmental time point during which the divergence double mutants was unexpected given that Slit1 and of crossing and noncrossing axons occurs at the optic Slit2 are expressed in complementary rather than overchiasm (Godement et al., 1990; Sretavan, 1990) . In mice lapping domains within the ventral diencephalon (Erdeficient for either Slit1 or Slit2 individually, the optic skine et al., 2000). Of those observed, the most striking chiasm appeared relatively normal ( Figures 3A-3D and defect was the development of an ectopic commissure 3F; Figure 4) . In wild-type and each single mutant, the in the pre-optic area, anterior and slightly ventral to the axons extended along their normal pathway toward the normal optic chiasm. Some of the fibers that crossed in midline where the majority crossed to project to targets this ectopic commissure extended into the contralateral on the contralateral side of the brain. There also was a optic nerve while others appeared to travel ventral to small proportion of fibers that projected ipsilaterally and the optic nerve to join the contralateral optic tract. There a few fibers that extended into the contralateral optic was also a significant increase in the number of fibers nerve. This analysis suggested that in general Slit1 and that, after crossing in the normal optic chiasm, projected Slit2 deficiency alone do not cause significant defects into the contralateral optic nerve. We also found that in in axon guidance within the developing visual system; all Slit1/2 double mutant mice examined (Ͼ20) a signifihowever, it is possible that more subtle defects exist cant proportion of fibers projected ipsilaterally (in the that are beyond the sensitivity of these experiments. example shown in Figure 3E , the appearance of the For example, there could be a shift in the relative proporipsilateral tract is not well visualized because of the plane tion of fibers that project ipsilaterally versus contralaterof imaging). Figure 5A ). In Slit1/2 mutant mice, many axons quadrant. To determine whether the ectopically projecting RGC axons were restricted to a particular region projected normally; however, we consistently found that there was a subset of axons that no longer avoided of the retina, we used small crystals of DiI to selectively label axons from each of the quadrants. Using this apthe pre-optic area but instead projected in an aberrant anterior direction toward the midline ( Figure 5B) . A day proach, we found that axons from all four retinal quadrants projected aberrantly (Figures 5H and 5J, and data later (E13.5), as more axons grew into the brain, the number of fibers projecting anteriorly had increased and not shown). We also found that, as in wild-type mice, ipsilaterally projecting axons arose specifically from the the ectopic second commissure could clearly be seen ( Figures 5C and 5D ). The increased number of fibers ventrotemporal region of the retina (see supplemental figure at http://www.neuron.org/cgi/content/full/33/2/ projecting into the contralateral optic nerve also became apparent at this age. As seen by tracings performed in 219/DC1 and data not shown), providing additional evidence that Slit proteins are not critical for retinal axon P0 mice, the latest age we were able to examine (the double mutants die around P0), we found that many divergence. The quadrant fills further demonstrated that RGC axof the observed defects persisted (Figures 5E and 5F). Although a considerable amount of plasticity exists in ons are responsive to Slit prior to crossing the midline. Axons coming from regions of the retina that contain the visual system in the first few weeks after birth, by 6B) . In Slit1/2-RGC axons and are mixed together with contralaterally projecting cells within the ventrotemporal retina, deficient mice, ectopically projecting axons were consistently found in two distinct locations. First, a small we could not specifically assess the behavior of the ipsilaterally projecting axons. Nevertheless, these data number of axons appeared to be impeded at the midline, The Ventral Diencephalon of Slit-Deficient Mice Appears to Develop Normally not Slit2 is normally expressed. As might be predicted based on this pattern of expression, similar straying One potential explanation for the retinal axon pathfinding errors that we have found in the Slit-deficient mice fibers were found in the Slit1 but not Slit2 singly deficient mice (Figure 4 ; data not shown).
would be that the brains of these mice develop abnormally. We do not believe that this is the case. Firstly, Immunohistochemistry using an anti-neurofilament antibody further revealed that retinal fibers projected the gross morphology of the brains of each of the Slitdeficient mice is indistinguishable from wild-type (data abnormally within the chiasm. In the Slit1/2-deficient mice, two distinct axon fascicles could be seen as opnot shown). Secondly when sectioned, the diencephalon appears relatively normal (see companion paper, Bagri posed to the single fascicle in wild-type mice ( Figures  7A and 7B) . One of these axon bundles followed the et al., 2002, in this issue of Neuron). Thirdly, the CD44/ SSEA-1 neurons located posterior to the chiasm and normal pathway along the pial surface, whereas the other extended dorsally toward the midline. This sugimplicated in playing a role in its development (Sretavan Figure  8E ). To test whether Slit1 also can inhibit retinal axon growth. We cultured retinal explants in collagen gels either alone or with pre-optic area tissue taken from outgrowth, we cocultured explants of retina from E14.5 mice in collagen gels with aggregates of COS cells exwild-type or Slit1/2-deficient mice ( Figures 8C and 8D) . Explants of pre-optic area tissue from wild-type mice pressing Slit1 or Slit2, or transfected with the empty expression plasmid (used as a control). Because the had a potent inhibitory effect on retinal axons, inducing an approximately 85% decrease in the amount of outventrotemporal retina contains mixed populations of ipsilaterally and contralaterally projecting axons, we exgrowth observed in the absence of this tissue. By comparison, in parallel experiments pre-optic area tissue cluded this quadrant from the analysis and used pooled tissue from the three remaining quadrants. Since Slit1 from Slit1/2-deficient mice was found to have lost some but not all of this activity and only induced an approxiis expressed by retinal ganglion cells, in preliminary experiments, we also tested the response of Slit1 Ϫ/Ϫ retina mately 40% decrease in the extent of retinal axon outgrowth ( Figure 8F ). Both the number and the length of to Slit1 and Slit2 and found it to be similar to wild-type retina, so the data in Figure 8E are presented as pooled the axons extending into the collagen were increased.
Inhibitory cellular cues anterior to the chiasm have been samples of wild-type and Slit1
Ϫ/Ϫ retinae. We found that Slit1 is a potent inhibitor of retinal axon growth, inducing described (Silver et al., 1987) . The fact that some inhibitory activity remains in the Slit1/2-deficient pre-optic a similar decrease in the extent of outgrowth to that Figure 9A ). Slit1 is expressed dorsal to and around the were created. Slit1/2 double mutants developed severe and persistent axon guidance defects in the visual sysjunction of the optic nerve and the brain, whereas Slit2 is strongly expressed at the ventral midline of the dientem, including the formation of a second, ectopic optic chiasm, aberrant growth of retinal axons into the contracephalon in a region directly dorsal and slightly anterior to the site where the optic chiasm develops (pre-optic lateral optic nerve, and axon wandering defects in the ventral diencephalon. Taken together with the fact that area). These zones of Slit gene expression appear to establish a corridor through which retinal axons can only subtle or no anomalies existed in the singly-deficient mice, these findings suggest that these two family travel, resulting in the correct positioning of the optic chiasm within the brain. In the absence of both Slit1 and members act synergistically to control retinal axon guidance, particularly around the region of the developing Slit2, we have found that retinal axons are no longer restricted to their normal pathway but instead can prooptic chiasm. In addition to revealing the molecular iden- , 1999) . The fact that only slight axons avoid an area previously termed the "glial knot," thought to prevent these fibers from entering the olfacdefects are seen in the singly Slit1-deficient mice perhaps argues against a major cell autonomous role for tory region (Silver, 1984) . It is likely that Slit1 facilitates initial RGC axon growth by creating a repulsive environSlit1 in retinal axon guidance. Furthermore, our initial experiments suggest that Slit1-deficient retina do not ment around the nerve to funnel its fibers toward the chiasm (Figure 9 ). In the absence of Slit1, the intense respond differently to aggregates of Slit expressing COS cells; however, these studies do not test for subtle expression of Slit2 in the POA appears to act in a compensatory fashion. This may result from axons initially changes in responsiveness, for example in the threshold of inhibition, and cannot rule out in vivo axon guidance misrouting but then correcting their trajectories upon encountering Slit2, or alternatively from diffusion of Slit2 effects. Additional studies will therefore be required to more fully assess a potential cell-autonomous function into the region that normally expresses Slit1. 
Concluding Remarks
We initially hypothesized two potential major roles for 
